Identifying functional microorganisms involved in the degradation of high-molecular-mass polycyclic aromatic hydrocarbons (HMM-PAHs) in agricultural soil environments could assist in developing bioremediation strategies for soil PAH contamination. Active populations of HMM-PAH degraders in agricultural soils are currently poorly understood. In this study, we identified aerobic pyrene-degrading bacteria in agricultural and industrial soils by [
INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs), a class of persistent organic pollutants, are ubiquitous in a variety of environments (Laturnus, von Arnold and Gron 2007) . PAHs are released into the environment mainly through industrial processes, such as incomplete combustion of organic materials and waste incineration. The presence of high-molecular-mass PAHs (HMM-PAHs) with four or more aromatic rings in soil environments is of great concern, due to their higher genotoxicity for humans and higher recalcitrance compared with low-molecular-mass PAHs (LMM-PAHs) (Chen, Zhu and Zhou 2007) . Pyrene, a representative HMM-PAH, is commonly used as a model compound to study the biodegradation process of HMM-PAHs due to its structural similarity with other carcinogenic HMM-PAHs (Kim et al. 2005) . Pyrene is widely distributed in agricultural soil environments and poses a severe threat to public and ecosystem health. It was found to be one of the most abundant HMM-PAHs in agricultural soils (Li et al. 2008; Lv et al. 2010 ) and its concentration increased over time in a suburban area (Li et al. 2016) . Vegetables and rice, especially those from suburban agricultural soils, were reported to be contaminated by HMM-PAHs, including pyrene (Tao et al. 2004) . Removing HMM-PAHs with indigenous populations of microorganisms in soil environments has acquired interest because of the metabolic versatility, environmentalfriendly and cost-effective advantages of microorganisms (Gan, Lau and Ng 2009) . However, successful applications of the bioremediation strategy rely heavily on the identification of HMM-PAH degraders in the environmentand predicting factors that could enhance their bio-degradative potential.
Based on culture-dependent approaches, phylogenetically diverse bacteria (e.g. species of Mycobacterium, Pseudomonas and Sphingomonas) performing pyrene degradation have been isolated from soils (Brinch, Ekelund and Jacobsen 2002; Guo et al. 2005) . The aerobic pyrene degradation pathways and the associated genes in those isolates have also been characterized (Seo, Keum and Li 2009 ). In addition, pyrene degraders have been identified by DNA stable-isotope labeling (DNA-SIP) in treatment facilities, such as bioreactors (Singleton et al. 2006; Jones et al. 2008) and compost treatment facilities of heavily PAH contaminated soils (Peng et al. 2013) . These studies revealed that uncultivated Beta-and Gammaproteobacteria were the main pyrene degraders under such conditions (Singleton et al. 2006) .
Contaminated agricultural soils are of particular interest for application of bioremediation strategies, since they directly impact the quality of foodstuffs. Up to now, the identity and impact of pyrene degraders have not been investigated directly in agricultural soil environments. In a previous study, we showed that uncultured Gram-positive PAH degraders were associated with pyrene degradation in soils (Chen, Peng and Duan 2016) , but their phylogenetic identity could not be resolved. Here we used [
13 C]pyrene incubation and high-throughput sequencing to directly identify bacterial populations responsible for in situ pyrene degradation in a slightly PAH-contaminated suburban agricultural soil and an industrial soil with elevated PAH contamination. The overall dynamic response pattern of pyrene degraders to pyrene stress was investigated. Moreover, we predicted the functional profiles of both soil environments based on metagenome sequencing and functional gene analysis.
MATERIALS AND METHODS

Stable-isotope probing and microcosms
Two soils were sampled from Beijing, China: one was agricultural soil (AS) with 1.10 mg kg −1 of total 16 United States Environmental Protection Agency (EPA)-PAHs ( EPA-PAHs) and 0.04 mg kg −1 pyrene, and the other was industrial soil (IS) with historical PAH contamination (6.90 mg kg −1 of EPA-PAHs and 0.40 mg kg −1 of pyrene) (Chen, Peng and Duan 2016) . The details of soil sampling and soil properties were given in our previous paper (Chen, Peng and Duan 2016) . Three replicate microcosms containing AS and IS were set up by adding either [ 13 C 4 ]4,5,9,10-pyrene (99 atom % 13 C; Sigma-Aldrich, St Louis, MO, USA) or unlabeled pyrene (Tokyo Chemical Industry Co., Japan) for each time point as previously described (Leigh et al. 2007) . Autoclaved (sterilized) soils spiked with the same amount of unlabeled pyrene were used as abiotic controls, and soils without pyrene addition were used as an unspiked control. Pyrene was added to the soils to a final concentration of 100 mg kg −1 following the recommendations of previous studies (Brinch, Ekelund and Jacobsen 2002; Chen, Peng and Duan 2016) . Ten grams of well-mixed soils was aliquoted into serum bottles (100 ml), which were subsequently closed with butyl-rubber septa and crimped with aluminum caps. Soil microcosms were incubated vertically at 25
• C in the dark for 45 days. During the incubation, the microcosms were aerated every 3 days and soil water content was verified to ensure optimal biological conditions. Aeration was accomplished by flushing the headspace of the serum bottle for 3 min with an air pump at a rate of 0.25 l min −1 . Before aeration, 3 ml of the headspace gas of the microcosms was collected by using a N 2 -purged syringe and was stored in 12 ml serum bottles for measurement of the CO 2 concentration and determination of carbon isotopic abundance. Soils were sampled at 0, 10, 20, 30 and 35 days. At each sampling point, three replicate microcosms of each treatment were sampled: 5 g of the soil was collected for chemical analysis and another 5 g for molecular biological analysis. All the soil samples were stored at −80 • C before subsequent chemical and molecular analysis.
Quantification of pyrene and mineralization products
Pyrene extraction and quantification were done as previously described (Chen, Peng and Duan 2016) . CO 2 concentrations were determined on an Agilent gas chromatograph (7890A) equipped with Porpak Q capillary column and a solid state detector. Carbon isotopic enrichment was determined by gas chromatography -isotope ratio mass spectrometry (GC-IRMS; Thermo Finnigan Delta V Advantage, Bremen, Germany) as described previously (Ding et al. 2015) . The carbon isotopic composition of CO 2 was expressed in atom %.
Soil DNA extraction, ultracentrifugation and fractionation
DNA extraction from triplicate microcosms (2 g soil) for each treatment at different time points was performed with a FastDNA Spin kit (MPBIO101, MP Biomedicals, USA) as described by the manufacturer. DNA quantity and purity were determined by NanoDrop (NanoDrop Technologies, Wilmington, DE, USA). Heavy and light DNA were separated by density gradient ultracentrifugation using CsCl as described (Xia et al. 2011) . Extracted DNA (3.0-4.0 μg) from each triplicate microcosm was mixed well with CsCl solution to achieve an initial CsCl buoyant density of 1.725 g ml −1 , and ultra-centrifuged at 177 000 g for 44 h at 20
The DNA fractionation was achieved by displacing the gradient medium with water at the top of the tube using a single syringe pump (LongerPump, LSP01-2A, USA) with a precisely controlled flow rate of 0.20 ml min −1 . After centrifugation, 24 or 25 DNA gradient fractions were generated with equal volumes of about 200 μl, and the density of each fraction was determined using a digital refractometer. DNA was precipitated by isopropanol and re-suspended in 30 μl Tris-EDTA buffer (TE).
Real-time PCR
For each treatment and replicate microcosm, the 16S rRNA gene of each gradient fraction was quantified in triplicate by real-time PCR with bacterial universal primer pairs Bac519F/Bac907R. The reaction was performed using a LightCyclerFastStart DNA Master SYBER Green I kit (Roche Molecular Biochemicals, IN, USA) on a LightCycler 1.5 system (Roche Diagnostics, Mannheim, Germany) according to the manual. Ten-fold serial dilutions of a known copy number of the plasmid (pGEM-T Easy Vector) DNA were generated to produce the standard curve. The PCR consisted of an initial denaturation step of 10 min at 94 
Illumina sequencing of 16S rRNA genes
Bacterial 16S rRNA gene fragments were subject to highthroughput sequencing performed on an Illumina Miseq platform. Variable region 4 (V4) of the 16S rRNA gene was amplified with 515F and 907R as forward and reverse primers. The PCR amplification was performed in the following reaction mixture (50 μl): 2 μl of template DNA, 5 μl of 10 × PCR buffer, 1 μl of each dNTP (5 mM), 1 μl of 40 μM of each primer, 0.5 μl of TaKaRa Taq HS polymerase (2.5 U μl −1 ) and 36.5 μl of sterilized dH 2 O.
The temperature program was set as the following: 94
• C for 5 min for initial denaturation, followed by 30 cycles of 94
• C for 30 s, 55
• C for 30 sand 72
• C for 45 s, and then 72
• C for 5 min.
PCR products were purified from 1% agarose gels with a DNA purification kit (Promega, Madison, WI, USA) after electrophoresis. NanoDrop was used to measure the concentration of purified PCR amplicons. Libraries were prepared by pooling equal amounts of amplicons from different samplesand sequenced at the Novogene Bioinformatics Institution in the Illumina MiSeq platform.
Processing of sequencing data
Acquired raw Illumina sequence reads were processed following the procedure described previously (Xu et al. 2014; Ren et al. 2015) using the Quantitative Insights Into Microbial Ecology (QIIME) toolkit-version 1.9.1 (Caporaso et al. 2010) . Briefly, the low quality reads and chimeric sequences were filtered using split libraries fastq.py and identify chimeric seqs.py (Edgar et al. 2011) , respectively. The extracted high-quality sequences were clustered into operational taxonomic units (OTUs) at a 97% sequence similarity level, and the most abundant sequence in the cluster for each OTU was chosen as the representative sequence for that OTU. OTUs were aligned with PyNAST and assigned to taxonomy using the ribosome database project Classifier (version 2.2) with a minimum confidence threshold of 80% (Cole et al. 2009 ). The singletons were removed from the OTU table before further analysis. The number of the observed OTUs and Shannon diversity indices were used to estimate the alpha diversity in each sample, and beta diversity (UniFrac) analysis was conducted on a randomly chosen subset of 45 000 sequences per sample to correct for unequal sequencing depth across samples. The original sequence data have been deposited in the NCBI Short Read Archive under accession number SRP099300. (Ding, Baumdicker and Neher 2016) . Bereifly, an allagainst-all comparison of sequences was performed using DIA-MOND (Buchfink, Xie and Huson 2015) with e-value set at 0.001. The sequences were then clustered using a Markov clustering algorithm (MCL) with inflation factor at 1.5 (Enright, Van Dongen and Ouzounis 2002) . All the orthologous gene clusters created by MCL were post-processed to split long branches and paralogy.
Core and pangenomic prediction of Pseudonocardia
Phylogenetic analysis of PAH-ring hydroxylation dioxygenase homologs predicted in Pseudonocardia
The PAH-ring hydroxylation dioxygenase (PAH-RHD) homologs in the seven genomes of Pseudonocardia (see core and pangenomic analysis) were extracted with Blastp (Altschul et al. 1997) using NidA from Mycobacterium vanbaalenii PYR-1 as queryand were used for phylogenetic reconstruction. Twenty-one reference PAH-RHD protein sequences from public databases were aligned with Mafft version 7.310 (Katoh and Standley 2013) with the options localpair and maxiterate= 1000 . Accession numbers of these sequences are provided in Supplementary Table S1 . Low quality alignment regions were removed by TrimAl with the option automated1. Phylogenetic trees were calculated using the maximum likelihood algorithm RAxML (version 8.2.6) with the PROTGAMMA model with LG as amino acid substitution model and empirical base frequencies. Support values were calculated using 100 bootstrap replicates.
Identification of 13 C-labeled DNA fraction
Both quantitative (real-time PCR) and qualitative (Illumina sequencing) data were evaluated on comparable gradient fractions from [ 13 C]-and [ 12 C]pyrene incubation to identify 13 Clabeled DNA (Lueders 2010) . In principal, the gradient from [ 13 C]pyrene microcosms should contain significantly higher amounts of 16S rRNA genes in the more dense fractions vs the control. However, a complete separation of 13 C-labeled DNA from 12 C-DNA and the occurrence of a second band in the heavier fractions could not be observed through quantitative distribution of bacterial 16S rRNA genes in our study. This was most likely due to the partial labelling of the commercially available pyrene (25 atom % 13 C) used for incubations, which led to insufficient 13 C incorporation into DNA. To overcome this limitation due to the low labelling efficiency, we further applied qualitative methods to identify the 13 C-labeled DNA. As reported previously (Neufeld et al. 2007; Dunford and Neufeld 2010) , distinct profiles of microbial communities in heavy fractions from [ 13 C]-and [ 12 C]pyrene treatments, due to shifting of 13 C-labeled DNA, provided more relevant evidence for isotopic labeling. We thereby assigned fractions showing higher copy numbers of 16S rRNA genes and also distinct microbial communities in [
13 C]pyrene treatment compared with 12 C-control as the 'heavy' fractions containing 13 C-labeled DNA. The microbial taxa uniquely enriched in these 'heavy' fractions were selected as specific organisms linked to the metabolism of labeled pyrene.
Statistical analysis
For 16S rRNA gene-based sequencing, principal coordinate analysis (PCoA) of the high-throughput sequencing data was performed to determine differences in the microbial community among different gradient fractions using an unweighted UniFrac distances metric (Lozupone and Knight 2007) . Non-parametric multivariate analysis (adonis) of variance using distance matrices (Anderson 2001 ) was used to test the significance of community structure differences between each gradient faction of the treatments. PCoA and adonis were processed with QIIME 1.9. Parks et al. 2014) . P-values were adjusted for multiple comparisons using the Benjamini-Hochberg false discovery rate (FDR) procedure (Benjamini and Hochberg 1995) . A false discovery rate of 1e-5 was selected to denote statistical significance. The phylogenetic tree was created using the MEGA5 software by the neighbor-joining method (Tamura et al. 2011) . The relative confidence of the tree topologies was evaluated by performing 1000 bootstrap replicates. The bacterial metagenomes were predicted using PICRUSt software (Langille et al. 2013) . A PICRUSt-compatible OTU table was constructed in QIIME (at 97% of nucleotide identity) using the newest available reference OTU collection in the Greengenes database. Nearest Sequenced Taxon Index (NSTI), a measure of prediction uncertainty, was also calculated by PICRUSt.
RESULTS
Biodegradation of pyrene in industrial and agricultural soil
In incubations of both soil samples, [ 12 C]pyrene removal was greater than 80% of the initial concentration within 35 days of incubation (Supplementary Fig. S1 ; Chen, Peng and Duan 2016) . Incubations with [ 13 C]pyrene showed that no significant (P > 0.05, ANOVA) amounts of pyrene were mineralized in either of the two soils within 10 days of incubation, while significant [ 13 C]pyrene mineralization was detected after 15 and 21 days for the IS and AS microcosms, respectively. Highest mineralization rates were measured after 21 and 30 days and then declined (Fig.1A) .
Evidence for 13 C-labeled DNA Gradient centrifugation was conducted for DNA extracts from [ 12 C]pyrene (control) and [ 13 C]pyrene microcosms of AS and IS, after 21 and 30 days ' incubation, respectively, based on the maximum mineralization observed ( Fig. 1B and C) . After centrifugation, bacterial 16S rRNA gene abundance was quantified using qPCR on DNA recovered from all fractionated gradients of each sample. As shown in Fig. 1B and C, the 'light' DNA occupied the fractions with buoyant density ranging from approximately 1.700 to 1.710 g ml −1 for both soils, whereas the 'heavy' DNA occupied the fractions (fraction (F) 6 and F7) with buoyant density ≥1.710 g ml −1 . For both soils, the amounts of bacterial 16S rRNA gene in the 'heavy' DNA fractions (F6 and F7) were significantly (P < 0.01, t-test) higher than those from the corresponding 12 C control ( Fig. 1B and C) . The separation between 'heavy' and 'light' fractions for both soils was not as significant as in previously SIP studies (Ding et al. 2015 showed significantly (P< 0.01, adonis analysis) different bacterial community along the first two principal coordinates (Fig. 2) . Similar separation of bacterial community was also observed in F7 ( Supplementary Fig. S2 ), but was less significant (P ≈ 0.04, adonis analysis) than F6. In contrast, the corresponding 'light' fractions from 12 C-and 13 C-labeled DNA gradients remained similar for both soils (Fig. 2) . These results clearly indicated that 13 C was incorporated into DNA of pyrene degraders during [ 13 C]pyrene microcosm incubations.
Phylogenetic identification of microorganisms assimilating [ 13 C]pyrene
To identify the 13 C-labeled microorganisms in soils, the bacte- (Fig. 3A) . Additionally, two other OTUs were enriched by more than 1.5-fold in the 13 Clabeled 'heavy' fraction (P < 10 −5 , G test): denovo1215012 affiliated to Bacillus sp., and denovo816295 related to Arthrobacter sp.
( Supplementary Fig. S3a, Fig. 4 , Supplementary Table S2 ). For IS, there were four most dominant OTUs that were enriched by more than 2-fold in the 13 C-labeled 'heavy' fraction compared with the 12 C-control, with P < 10 −5 (G test (Fig. 3B ). In addition, OTUs related to Acidobacteria-6 and to Balneimonas sp. (>97% identity, denovo971929) were present at significantly (P < 10 −5 ) higher intensities in the heavy fractions ( Supplementary Fig. S3B , Fig. 4 , Supplementary Table S2) . Consistently, the same OTUs detected in F6 were also observed to be enriched in F7 (Supplementary Fig. S4 ).
Time-course analysis of pyrene degraders
To investigate the dynamic response of these SIP-identified OTUs to pyrene addition, the relative abundance of their 16S rDNA genes were compared between the treatments with or without non-labeled pyrene addition during the incubation ( ) and 'light' fraction (F8and F9) is highlighted by grey area. Bacterial template distribution within each density gradient fraction was quantified with qPCR. Ratios of maximum gene copies detected (y-axis) are based on number of gene copies in each buoyant density fraction relative to the buoyant density fraction that contained the maximum number of 16S rRNA gene copies. Data are means ± SD; n= 3 (the several data points do not appear with error bars is due to their small error bars). qPCR results outside this buoyant density window (1.680-1.730 g ml −1 ) are not shown due to low amount of 16S rRNA gene (<0.001% of maximum 16S rRNA gene copies).
5). In AS microcosms with pyrene, the relative abundance of denovo1012334 (Pseudonardia sp.) and denovo930873 (Mycobacterium sp.) was at low levels in the initial incubation stage, and then increased substantially (P < 0.01, ANOVA) over the incubation (Fig. 5A) . After 35 days' incubation, when the majority of pyrene was removed from the microcosms ( Supplementary  Fig. S1 ), the relative abundance of denovo1012334 (Pseudonardia sp.) increased by three orders of magnitude, and the relative abundance of denovo930873 (Mycobacterium sp.) increased by one order of magnitude (Mycobacterium). In contrast, in the microcosms without pyrene, these two OTUs remained stable in relative abundance over the incubation (Fig. 5A) . These results suggested that pyrene addition consistently increased the relative abundance of denovo1012334 (Pseudonardia sp.) and denovo930873 (Mycobacterium sp.) in AS. Similarly, in IS microcosms with pyrene, the relative abundance of denovo816295 (Arthobacter sp.), denovo930873 (Mycobacterium sp.), denovo1046696 (Steroidobacteria sp.) and denovo1115210 (Acidobacteria-6) increased significantly (P < 0.01, ANOVA) during the incubation, indicating rapid response to pyrene addition (Fig. 5B) . In contrast, in the IS microcosms without pyrene addition, the relative abundance of these OTUs did not change during the whole incubation period (0-35 days) (Fig. 5B) .
Predicting functional genes involved in pyrene degradation
A total of 16 and 7 genes related with KEGG category 'PAHs degradation' were predicted to be enriched in in silico metagenomes of the heavy fraction of AS and IS, respectively (Supplementary Table S3 ). For the AS metagenomes, predicted genes coding for pyrene dioxygenase [EC:1.14.-. 
DISCUSSION
The widespread contamination with HMM-PAHs in the soil environment is of great concern. However, so far the fate of HMMPAHs in soils and the microbial populations involved in HMM-PAH degradation in situ have remained poorly characterized. Our SIP study revealed a wealth of bacteria in the soil environment that derived carbon from pyrene through biodegradation. Among these bacteria, culturable pyrene degraders, including Mycobacterium, Arthrobacter and Steroidobacter (Heitkamp et al. 1988; Singleton et al. 2006; Aryal and Liakopoulou-Kyriakides 2013) , were detected in the 13 C-labeled 'heavy' DNA fractions from agricultural soil and/or industrial soil (Fig. 3) . Arthrobacter was suggested to be one of the predominant taxa that are involved in pyrene degradation in industrial soil and Mycobacterium was enriched in 13 C-labelled DNA from both agricultural and industrial soil (Fig. 3) . These culturable pyrene-degrading bacteria were previously found to be prevalent in many PAHcontaminated soils and sediments and were suggested to play a potential role in natural attenuation and cycling of PAHs in the environment (Cheung and Kinkle 2001; DeBruyn et al. 2009; Peng et al. 2010; Chen, Peng and Duan 2016) . Here we provided direct evidence that they are active microorganisms for pyrene degradation in soil environments. The predicted metagenomes of agricultural and industrial soil revealed genes in the pyrene-degradation pathway employed by the active microorganisms (Supplementary Table  S3 ). Aerobic pyrene degradation is initialized by the hydroxylation of an aromatic ring via pyrene dioxygenase (EC:1.14.-.-) encoded by nidA, with the formation of a cis-dihydrodiol, which is metabolized central intermediates to such as catechol and protocatechuate (Seo, Keum and Li 2009 ). Catechol and proteocatechuate are further cleaved by catechol dioxygenase (EC:1.13.11.1 and EC:1.13.11.2) and proteocatechuate dioxygenase (EC:1.13.11.3 and EC:1.13.11.8), respectively, and ultimately converted to TCA cycle intermediates (Liang et al. 2006; Kim et al. 2007) . NidA and the genes involved in the β-ketoadipate pathway that funnels central intermediates β-ketoadipate via either the proteocatechuate (proteocatechuate dioxygenase) or the catechol (catechol dioxygenase) branches were 13 C-enriched in both soils (Supplementary Table S3 ). However, the in silico metagenomes constructed from sequences of known bacteria might have significantly underestimated the diversity of aromatic degradative genes involved in pyrene utilization and failed to identify the novel enzymes from the uncultured microorganisms enriched in our SIP incubation. The uncultivated species of Acidobacteria were indicated to derive carbon from pyrene in industrial soil. Acidobacteriarelated bacteria have been demonstrated to be associated with the degradation of petroleum (Rosano-Hernandez et al. 2012) , phenanthrene (Tejeda-Agredano et al. 2013) , fluoranthene (Song et al. 2014) and polychlorinated biphenyls (Di-Gregorio et al. 2013) in various habitats. Here, Acidobacteria were suggested for the first time to be associated with the degradation of pyrene.
Surprisingly, members of Pseudonocardia were markedly enriched in the 'heavy' fraction of the agricultural soil SIP. Detection of Pseudonocardia sp. as the labeled bacteriaduring the initial stage of pyrene mineralization (Fig. 1A) indicated that these microorganisms represented the primary utilizers of pyrene. In addition, the low abundance in the initial soil and strong response to pyrene addition (Fig. 5A) suggested that Pseudonocardia sp. may specialize in pyrene degradation rather than assimilation of intermediates of pyrene degradation. Since this is the first finding of Pseudonocardia species involved in oxidation of HMM-PAH, we further investigated their metabolic potential by comparative genomic analysis.
Comparison among seven representative species belonging to Pseudonocardia revealed that the core genome of genus Pseudonocardiamay be as small as approximately 1828 genes, while the pan-genome may be as large as approximately 13 263 genes. This suggested a versatile metabolic potential of xenobiotic-degrading Pseudonocardia that can vary significantly between different species. Previous studies have shown that members of Pseudonocardia are known to not only grow on CO 2 with H 2 as electron donor (Mahendra and Alvarez-Cohen 2005) , but also be able to aerobically degrade a range of xenobiotic compounds such as ether pollutants (e.g. 1,4-dioxane, 1,3-dioxolane and bis-2-chloroethylether), aromatic compounds (e.g. quinoline and chlorobenzene) and hydrocarbons (e.g. propane, benezene and toluene) (Kämpfer and Kroppenstedt 2004; Mahendra and Alvarez-Cohen 2005; Kämpfer et al. 2006; Vainberg et al. 2006; Park et al. 2008) . Our SIP study demonstrated that Pseudonocardia are also able to degrade HMM-PAHs. To the best of our knowledge, this is the first report that Pseudonocardia was associated with degradation of HMM-PAHs in soil environments.
The presences of putative PAH ring hydroxylation dioxygenases (PAH-RHDs) in the genomes of sequenced Pseudonocardia further supported their metabolic potential in PAH degradation ( Supplementary Fig. S5 ). Notably, five putative PAH-RHD α-subunits in Pseudonocardia formed a well-supported monophyletic cluster with NidA from Mycobacterium vanbaalenii PYR-1 (Kim et al. 2007) , which is the key enzyme responsible for initial pyrene hydroxylation. This result suggested that Pseudonocardia might use NidA-related enzymes for HMM-PAH degradation. Furthermore, the presence of three RHD homologs that are remotely related to the functionally characterized PAH-RHDs indicated that Pseudonocardia might have a broad range of substrate specificity towards aromatic hydrocarbons other than pyrene.
Pseudonocardia-related species were detected in diverse environments, including hydrocarbon contaminated sites (Sales et al. 2011) . Pseudnocardia were frequently isolated from soils that are contaminated by various aromatic compounds or petroleum (Kämpfer and Kroppenstedt 2004; Lin, Tang and Lin 2011) and members of Pseudonocardiawere shown to be one of the predominant species in the compost bio-filter exposed to volatile hydrocarbons such as toluene (Juteau et al. 1999) . Notably, the pyrene-degrading Pseudonocardia described here are part of the Pseudonocardiaceae, which were found in relatively high abundance (∼8% of the total bacterial community) in crude-oil-contaminated permafrost where PAHs are some of the major hydrocarbons (Yang et al. 2016) . Hence, Pseudonocardia spp. might have certainunknown properties that provide selective advantages in adapting PAH-contaminated environments, which deserves further investigation.
